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A b s t r a c t  
Process based rtlodels help sclenbsls to urldersL~rld lnrgc syslerrls artd 
to c~xtrapolnte lrrrtrted expenntenlal ~nlorrr~atron to111 orle loc,~lror~ to ar~ol l~ur 
Unlorlunately rnost models ot so11 physrcal processes r~eglect tlre eliocts 01 
spatral and lentporal vanab~lrty For accurate representahon oi th~s  held sc.7le 
vannbrlrty 111 so11 pl~ysrcal processes, rtlodels ot these processes sltould use 
scal~ng tcclrrt~ques 
TIE so11 waler budget 01 llte root zone nrrd subrt~odcls 01 11s co/ttpurtertls 
arp discussed Most 01 llle subrt~odols lor rr~bllratrort aro nppropndle tu 
Itornogc?rtt.ous so11 whoso surtace IS portdrd irtsbnto~toously. It is suggested 
that the Me11t and Lsrson subnlodol 01 ~nlillmlior! urtder rairi, or a ntodrlicalio~t 
01 11 to accorrtn~odale vanable rai~tlall i~tlertsily, would be appropriate lor waler 
budgct ntodels in the semi-arid e~tvironntcrlt. The transpiration cwrnporter~t 01 
lllc waler budget is very well described by the Pe r~ r t~a r~ -Mo~ t l e~ l l ~  rnodel, wltlc11 
1;11l.s to descrlbe the evaporntiort lrorrl a dryrrtg so11 Arid tltor~gh Ilte lour-layor 
~ttodel 01 Choudltry and Monte~tlt describes evaporntlor? irorit boll, tlte lonvos 
nrtd llte soil adequately, it llas not bee11 tested experrrllenlally. 
Two examples o i  crop growth nlodels, CERES and RESCAf3, are 
preserlted to illustrate how submodels 01 soil pltysical processes (e.g., a 
subrnodel ot the waler budgetot the root zone) are usedin conjuncbon wlth crop 
development and growth submodels lo rnodel the whole crop production 
system. 
Introduction 
When a scientist conducts a field 
experiment, he knows that his measure- 
ments and his conclusions may be specific 
to both site and season. He also knows 
that extrapolat ing site- and season- 
specific conclusions to other locations and 
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years is a gamble. Yet he can never tiopo 
lo work in every agroecological niche with 
every possible distribution of rainfall. 
T h e  scientist, therefore, has no 
choice but to extrapolate from very limited 
evidence. T o  do this with rnlnlmum risk of 
error, he must rely on the guidance of 
principles which enable him to understand 
Ihe processes, help to bridge the gap in 
our knowledge between different levels of 
organization, and they can be used to set 
our ideas in the perspective of large 
systems For example, crop growth and 
y~eld, as deternilned by weather and so11 
type.  may be understood better by 
studylng water budgets and nutrient 
dynamics, along with Ihe development and 
growth of a crop. Several submodels may 
be used to descr ibe  each of these 
processes. Thus, a model of the water 
budget of the root zone of a crop will 
normally have rainfall, infiltration, runoff. 
evapora t ion ,  and deep drainage as 
component submodels. 
Generally, before a scientist uses 
procesc models to predict the behavior of 
a whole system, he first ident~fies the 
problem, assesses the resources and 
constraints in the system. tries lo under. 
stand the mechan~sms governing various 
processes operating with~n the qystem 
and then formulalr.+ and tests hi.pothese+ 
This procedure may l ~ a d  to a prescr~pt~on 
for solving a partict~lnr problem \Figure 1 1  
Somet lm~s the nieaqurenwnl and arialys~s 
of parameters may lead to empirical 
relatfons &hose coelf~oents are srle, or 
season spec~f lc  These ernp~rical sub- 
models are also often used In s~mulation 
niodels for large systems In the Resource 
Management Program (RMP)  at the 
International Crops Research Institute for 
Ihe Semi-Ar~d Tropics (ICRISAT), we try to 
d e v e l o p  p rocess  m o d e l s  that  a re  
applicable in thr spml a r ~ d  tropics (SAT) 
so that the benef~ts of crop siniulal~on can 
be passed on eventually to farmers 
throughout the region 
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Figure I.  Steps in process-oriented research in agriculture. 
In many crop models. the supply of 
fiater and nutrients is assumed not to limlt 
growth In the S A T ,  however, erratic 
weather, particularly variability in the 
rainfall distribution within and between 
seasons, infertile soils, and lack of capital 
for improvement characterize agricultural 
production systems To model crop pro- 
ductivity in such situations, it is necessary 
to cons~der (i) processes occurring in the 
soil, which determine the availability of 
water and nutrients to the roots; and (ii) the 
processes that determine the rate at which 
roots grow into wetter zones of the soil. 
Also because temperatures ifi the SAT are 
high and often exceed a mean of 1 8 ' ~  
throughout the year (Landsberg ef a/. ,  
1 9 6 3 ;  a n d  T h o m p s o n ,  1 9 6 5 ) ,  so i l  
temperature models to predict seedling 
e m e r g e n c e  a n d  root  g row th  are  
necessa ry .  T h e  l i t e ra tu re  o n  c rop 
modelling is voluminous. In this paper, we 
review some of the models relevant to soil 
physical processes and crop growth in the 
SAT. 
The water budget of the root 
zone 
The difference between the amount 
of water added W(in) and the amount of 
water withdrawn W(out) from a given 
volume of soil during a specified period is 
equal to the increase in water content W 
during that period. 
W = W(in) - W(out) (1) 
As shown in  Figure 2a, the value of 
W(in) includes precipitation P, irrigation Ir, 
upward capillary flow into the root zone U. 
and runon Ro, from areas higher in 
elevation than the field under considera- 
tion. The value of W(out) is the sum of 
runoff Rf, deep drainage D, evaporation E, 
and transpiration T. The evaporation term 
inc ludes the amount of water  that  
evaporates directly from the soil, part of 
the water that evaporates from temporary 
storage of water in surface depressions. 
and evaporation of water intercepted by 
leaves during rainfall. The water budget of 
the root zone becomes. 
W = ( P + I ~ + U + R O ) - ( ~ ~ + D + E + T )  
(Gains) - (Losses) (2) 
Figure 2b presents a flow chart of the 
main processes in the model described by 
eq. (2) and illustrates how the process 
submodels described in the following 
sections fit into the overall water budget of 
the root zone. 
If we define cumulative infiltration I 
as: 
I = (P + Ir + Ro) - R1 (3) 
and combine the evaporation term E with 
the transpiration term T, as ET, the model 
represented by eq. (2) then becomes, 
W = (I + U) - (D t ET) (4) 
which can further be simplified to 
if it is assumed (as with most water budget 
models) that U and D are negligible 
compared to the other two terms. If U and 
D are large, as when roots approach a 
water table (in which case U would be sub- 
stantial) or for sandy soils (where D may 
be relatively large in wet years), then eq. 
(4) has to be used. 
Infiltration models 
Many mathematical models, some 
empirical and others theoretically based, 
have been used over the years lo  describe 
the infiltration term in eqs. (3) ,  (4), and (5). 
The Green and Ampt (191 1) and 
Philip (1957) models are based on one- 
dimensional downward infiltration into an 
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Figure 23. The water budget of a root zone (schematic). 
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movement of moisture. Broken lines indicate flow of inflience between 
model components. 
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(m3 m.3). A further assumption in the surface ponding is perhaps appropriate to 
derivation of the Green and Ampt model is border irrigation of a field and modelling of 
field drainage problems, but ~t IS less 
appropriate lor ~nf i l t ra t~on u der rain. 
At the start of most ralnlall events, all 
rain infiltrates but the capacity of the soil 
to absorb water declines until the infll- 
tration rate is less than the rain iritensity 
At this point (often refered to as "time to 
ponding'), free water first appears at the 
surface of the soil and this marks the lime 
beyond w h ~ c h  both runoff and erosion may 
be ~ n ~ t ~ a t e d  The models of Green and 
Amp! and Ph~l ip  do no1 apply to the ~ n ~ t ~ a l  
phase of ra~ntal l  when there IS no pondlng 
but the Mein arid Larson (1973)  model 
extends the Green and Ampt equation to 
descr~be constanl ra~nfal l  ~n l~ l t ra t ion 
( I )  The Green and Anipl model 
Consider~ng water movement Inlo 
so11 under ponded cond~flons Green and 
Anipt ( 1  91 1 )  a p p l ~ e d  Darcy s law l o  a 
Water Content 
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I 
Figure 3. Schematic diagram of the moisture contentprofile for the derivation of 
Green and Ampt model. 
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vertlcal soil column (Figure 3) to yleld and 
infiltration flux f ~ m s " ) .  
f = Ko(L+H~)IL = Ko(l+H1!L) (6) 
where HI is the average matric 
potential at the wetting front (m), which is 
the div~slon between the so11 at wl (m3 m.3) 
and the wet region assumed saturated at 
water content Wo (m3 m.3) and L (m) is the 
distance from the soil surface to the 
wetting front. The cumulative depth of 
water infiltrated. I (m) .  IS then given by 
I = (wo - w,)L = nL (7 )  
which when substituted into eq. (6) for L 
yields, 
f = Ko[ l  + nHf/l] (8) 
If I = 0 at time t =O, then the integral form 
of eq. (8) may be written as, 
I = ~~t + Z, ln(l+l!).) (9) 
which is convenient for modelling because 
it relates the infiltration rate to depth 
infiltrated from the start of infiltration. In eq. 
(9), h = (WO - WI) (Ho - HI), and Ho is the 
pressure head at the soil surface. 
The average matric potential HI is 
usually calculated by integration of the soil 
water  potent ia l  (y) versus re la t ive  
hydraulic conductivity (Kr) curve so that 
W l  
HI = \ Krdv (10) 
WO 
In eq. ( l o ) ,  vo is the saturated value 
of the soil water potential (m), and yrl the 
initial value of the soil water potential (m). 
Green and Ampt's model has been 
validated for infiltration into initially dry 
sandy soils, which exhibit a sharp wetting 
front. 
( i i )  The Philip model 
Philip's model was the first general 
solut ion of the di f ferent ia l  equat ion 
governing one-dimensional downward 
infiltration as a function of time [I(t)]. His 
quasi-analytical solution is a power series 
with the form 
l(1) = ~ 1 1 ' ' ~  + s ~ t  + s3t3 + ... .  + ~ n t  n. 2 
+ Klt (11) 
in which the coefficient s2, ss, .. . .  sn are 
calculated from the hydraulic conductivity 
K (ms.') and soil water diffusivity D (m2s") 
as functions of water content, and KI is the 
unsaturated hydraulic conductivity at w;. 
The first term in eq. (1  1 j describes exactly 
the horizontal entry of water into soil under 
the same initial and boundary conditions 
(i.e., infinitely long column at Wi, whose 
surface is ponded instantaneously and 
maintained at woj but without gravity as a 
factor. The other terms are a consequence 
of the gravitational field. Terms beyond the 
fourth in the infinite series are usually very 
small at short time periods, but they 
become significant as t increases. In prac- 
tice, it is generally sufficient to describe 
ponded infiltration for short time periods by 
the two-parameter form of eq. (1 1) which 
is: 
In eqs. (1 1) and (12), sr or s is the 
sorptivity, which describes the initial 
absorption of water by soil as a result of 
the matric potential gradients alone; A is a 
constant. At large times, the differential of 
eqs. (1 1) and (12) do not converge to the 
expected linear asymptote. In an attempt 
to extend the validity of the Philip two- 
parameter model  to longer t imes, a 
number of authors (e.g., Morel-Seytoux, 
1981 ; Youngs, 1982) have taken A=Ko but 
have had only partial success. In a recent 
rigorous examination, Kutilek et a/. (1 988) 
have shown that the parameters KO and ), 
in the Green and Ampt model (eq. 8) and 
the S and A in Philip's model (eq. 12) are 
all t ~ m e  dependent tF~gure 41 Conse 
quently t h ~ y  m a j  g i ie  errcpeous results 11 
used to extrapolate lnlormat~on to other 
places or for tlme per~ods beyond whlch 
lhey are valid 
( 1 1 1 )  The Me fn  and  Larson  model 
hleln and Larson (19731 extended 
Ihe G r ~ e n  and Ampt model to constant 
rainfall Thelr two-staoe lnf~ltrat~on model 
u l ~ l ~ z e s  field values of saturated hydraul~c 
conductivity and water content and 1s 
described by two equations Stage 1 ,  up to 
the tlme to surface pond~ng tp. IS 01 the 
form. 
I, = [Ht (Wo - WI)] 1 [(f'Ko) - ' 1  
where Ip is the cumulative infiltration 
up to the time of surlnce ponding. Equation 
( 1  3) describes the infiltration process lor a 
constant rainfall rate prior to the initiation 
of runoff. The second stage of postponding 
infiltration is described by an equation 
identical to the Green and Ampt model. 
Many other models varying in mathe- 
matical complexity have been published 
since Mein and Larson's derivation to 
describe infiltration during constant and 
also variable intensity rainfall (e.g.. Morel- 
Seytoux, 1976. 1978, 1982: Hachum and 
Alfaro, 1977;  and White e t a / . .  1982).  
In  many hydrologic models, the 
infiltration parameters (KO and HI of Green 
and Ampt or S and A of Philip) are used lor 
curve fitting. This does not necessarily 
give an accurate represen!ation of the 
process. Ideally, intiltration curves shou!d 
be generated using independently mea- 
sured soil properties, which can be used 
as input parameters for submodels of the 
infiltration process in the larger hydrologic 
model. 
One of the major and as yet unmet 
challenges in  hydrologic modelling is 
spat~al  and temporal bar~ab~l l ty ,  all the 
models discussed In the preceding 
sectlons and most ol the others not consl- 
dered here use an ~n l l l l ra t~on behav~or 
determined or est~mated at one s~ te  In the 
watershed The spatlal va r~ab~ l~ ty  of baslc 
hydraul~c properties In agr~cultural lands IS 
well recognized (e g Nlelsen et a1,1973 
Carvallo P I  a1 1976 Warr~ck et a1 1977 
and Kelsl lng et a1 19771 Recently. 
Sharma el a1 (1980)  have used a slm~lar 
m e d ~ a  concept and e q  ( 1 2 )  to scale 
ponded ~nliltratlon character~stlcs from 26 
sltes In a 9 6 ha watershed The scallng 
t e c h n ~ q u e  thus provldes a b a s ~ s  for 
representing so11 spatlal var~ablllty In terms 
of a s~ngle stochasllc var~able, the scal~ng 
factor whlch enables scattered data sets to 
be coalesced so that a malhemat~ca l  
relat~onsh~p can be arr~ved lor modelling 
We, therefore, suggest that a scaled form 
of Meln and Larson inflltrat~on submodel 
be used In large slmulat~on models of the 
water budget of the root zone In order to 
overcome the problem of the var~abllity 
caused by so11 heterogeneity 
Evaporat ion models 
Evaporation (ET) is a complicated 
process, which depends on many atmos- 
pheric, soil, and plant factors. A common 
approach is to estimate or measure the 
potent ia l  ra te  of ET f rom prevai l ing 
weather and then to compute the fraction 
of that potential achieved, given the 
current status of plants and soil. This 
procedure involves variables for deter- 
mining (a) potential ET, (b) plant-water 
related characteristics, and (c) soil-water 
related characteristics. Many models of 
p o t e n t i a l  e v a p o r a t i o n  h a v e  been  
developed based on energy budgets, 
aerodynamic profiles, or a combination of 
t he  e n e r g y  b u d g e t  a n d  equa l i ons  
-- -- 
F j ~ u r e  4 .  fa) The dependence of the coefficfents KO and i. = (tlS - 8,) (Ho - H,) In the 
Green and Ampt equation (6) upon average tfme 1. 
(b) The dependence of the coefficients S and A in the Philip's equation (12) 
upon the averaged time I for the exper~mental fnfiltral/on data 
--- - 
Source. Ku l~ lek  el a1 il988j 
governing the transport of heat, water 
vapor, and momentum in the lowest few 
meters of the atmosphere. Of the several 
models. we will briefly discuss the Penman 
(1948) equation, which represents one of 
the more reliable models for potential 
evaporation (PE), the Penman-Monteith 
(Monte~th, 1981) equation. which is an 
extension of Penman's model to trans- 
piration T, and the Ritchie (1972) model. 
which is also a modification of the Priestley 
and Taylor (1972) equatlon for soil evapo- 
ration. 
(i) Penman's model 
The classic PE model of Penman 
(1  948) was derived by eliminating surface 
temperature from the energy budget and 
aerodynamic transport equations. Origi- 
nal ly, this model  was formulated to 
descr ibe  evapora t ion  f rom a water 
surface. Without going into its derivation, 
Penman's equation contains basically two 
components relating to (i) adiabatic heat 
and water vapor exchange and (ii) diabatic 
exchange (Monteith, 1981). in symbols, 
LE = LEa + LEd ! 14) 
where LEa is the amount of latent heat 
transferred adiabatically (i.e., all the heal 
from evaporation is providod by the trans- 
fer of heat from air with temperature Ta and 
vapor pressure ea to a wet surface: and 
LEd is additional heat supplied to satura- 
ted air, e.g., by the absorption of radiation 
(Monteith, 1981) 
The components LEa and LEd are 
given by 
LEa = (pcira){[es(Ta) - eal 1 [A + YIJ (15) 
and, 
LEd = (AH)I(A+ y) (16) 
where pc is the volumetric specific heat of 
air at constant pressure, ra is the resis- 
tance for heat and mass transfer, y IS the 
psychrometer constant. A IS the rate at 
whlch saturation vapor pressure Increases 
wlth temperature, es(Ta) IS the saturat~on 
vapor pressure at alr temperature, ea IS the 
prevalllng vapor pressure of air. H IS the 
d~fference between the net radlat~on (Rn) 
of the surface and the rate G at whlch heat 
IS conducted away from the surlace 
( i i )  The Penman-Monteilh model 
Penman ( 1  953) considered a single 
leaf as providing an additional res~stance 
rs to heat and vapor exchange between the 
leaf surface and the atmosphere, and he 
treated such a system as isothermal 
because the wet walls surrounding the 
substomatal cavity (source of vapor) are 
effectively at the same temperature as the 
epidermis (source or sink of heat) He 
modified -I to 
Equation (17 )  was extended by 
Monteith (1965. 1981) for a crop canopy 
by assuming that the effective sources (or 
sinks) for heat, mass, and momentum are 
all at the same level. The resistance rs can 
then be interpreted as the effective stoma- 
tal resistance of a set of n parallel 
resistors, each representing a layer of 
canopy. The resistance rs of the whole 
canopy is given by 
where ri is the stomatal resistance 
and LI is the leaf area index of layer i. In 
principle, by obtaining representative 
measurements of ri with a porometer and 
of LI by sampling, rs can be estimated, and 
eqs. (1 5 ) ,  (1 6), and (1 7) can then be used 
to obtain an estimate of transpiration 
(Azam-Ali et a / . ,  1984). This is no1 a 
routine method, however, because of the 
labor of sampling 
Equation ( 1  4 )  has been found not to 
be val~d for evaporation from a drying so11 
because the pores from which water is 
evaporating have usually a d~fferent em- 
perature from the surface where sensible 
heat exchange w ~ t h  the atmosphere 
occurs (Fuchs and Tanner. 1967). To 
apply eq. (14) to the rate of evaporation Es 
f rom a dry lng soi l .  Monteith (1981) 
assumed that evaporation of water occurs 
from wet soil below an isothermal layer of 
increasing thickness and dascribed Es  
with a model, 
where Ea is the evaporation rate at 
time t=0 and is determined by the state of 
the atmosphere. In eq. (19). A' is defined 
as 
where  rsa i s  the  aerodynamic  
boundary layer resistance for heat transfer 
between the soil surface and air at a 
reference height (e.g., screen height), and 
i m is a function of the liquid and gaseous 
diffusivities of the soil. 
In a recent analysis, Choudhry and 
Monteith (1988) presented a model for 
heat budget of homogeneous land surfa- 
ces, which assumes four layers defined by 
the following boundaries: 
(i) from a reference height in the 
atmosphere to an effective sink 
for momentum within the foliage 
or the soil surface i f  foliage is 
absent. 
(ii) from the virtual sink to the soil 
surface, 
(iii) an upper completely dry layer of 
soil extending down from the 
surface, and 
( I V )  a lower wet layer of soil. 
Differences in heat and vapor flux 
across these layers were specified by 
resistances, e.g.. surface resistance to 
vapor loss from the foliage, and soil resis- 
tance to vapor loss assumed proportional 
to the depth of the dry layer. Using these 
assumptions, Choudhry and Monteith 
(1988) derived a model for transpiration 
incorporating eqs. (17) and (1 8) and a new 
soil evaporation equation, allowing to 
some extent for temperature gradients in 
the soil, viz. 
LEs = (u' RS t pc [A' (Tm - Tb)/ r l  t 
n Dblr~])/(A' t f) (21) 
where A' i s  the  r a t e  a t  wh ich  
saturation vapor pressure at the interface 
between the dry and the wet soil changes 
with temperature, R, is the net absorption 
of radiation by the soil surface, Trn is the 
temperature at the bottom of the wet soil 
layer, Tb is the temperature of air in the 
canopy, rr is the resistance proportional to 
the depth of the wet layer, Db is the 
saturation deficit in the canopy, and ra is 
the resistance between the soil surface 
and the canopy. In eq. (21), x ,  n and y' are 
functions of resistances defined by 
x = (I t rU/r2)" (22) 
n = [1 t (ru t rz)/r~] x (23) 
y* = r ( l  t rd/rz)ln (24) 
where ru is the thermal resistance 
proportions! to the depth of the dry soil 
layer and rd is the corresponding resis- 
tance to the diffusion of water vapor. 
Equation (21) and the associated defini- 
tions in eqs. (22), (23), and (24) are yet to 
be validated experimentally but conclu- 
sions from the model about the interaction 
of water vapor fluxes from soil and from 
l o l l a g e ,  a re  consistent w ~ t h  f ie ld  
obseruat~ons. 
An example  of the use of the 
Penman-Monteith submodel to estimate 
evaporation is the Prosper model of soil. 
plant.atmosphere water flow (Goldstein 
and Mankin, 1972).  w h ~ c h  has been 
coupled to the Terrestrial Ecosystem 
Hydrology Model (TEHFA). (Huff et a/.. 
1977) to provide a mechanistic watershed 
model (Swift ef a/. ,  1975. Luxmoore ei at.. 
1977. Peck et a/ . .  1977; and Sharma and 
Luxmoore. 1979). 
( i i i )  Ritchie's model 
When a crop is sown, the field is bare 
,except in cases where mulch IS applied) 
until the seeds germinale. Then follows a 
vegetative growth perlod, during which 
complete canopy cover may be esta- 
blished. During the period when the field is 
bare and also at full canopy. eqs. (14) .  
( I S ) ,  ( 1 6 ) ,  and  ( 1 7 )  may b e  used  
successfully. Between germination and 
the establishment of full canopy cover or i f  
there is poor seedling establishment. 
canopy cover is incomplete and eqs. (14), 
(15), (16), and (17) will not apply. Ritchie 
(1 972) assumed that the term containing 
the vapor pressure deficit [es (Ta) - ea] and 
the aerodynamic resistance could usually 
be neglected so that substitution of eqs. 
(1 5) and ( 1  6) into eq. (1 4 )  gives, 
PEs = AHs/(A + y)L (25) 
where  P E s  i s  t he  po ten t i a l  
evaporation from soil, and Hs i s  t he  
difference between the net radiation Rns at 
the soil surface and the soil heat flux. Net 
radiation at the soil surface was calculated 
by applying Beer's law to the interception 
of the downward net flux within foliage to 
give 
R,, = R, exp (.O 4 L,I ( 2 6 )  
All the C E R E S  (Crop Estlmat~on 
through Resource and Env~ronment Syn. 
thesis) crop growlh models use Ritchie's 
submodel to estlmate the evaporation term 
In the water budget subrout~ne 
Crop g rowth  models 
The main processes lnvolved In crop 
growth are related to flelds of knowledge 
that have developed ~ndependently of 
each other (F~gure 5). Models that attempt 
to simulate crop growth usually contain 
elements from these fields which need to 
be coordinated Consequently, even 
though the subject of this paper deals 
primarily w ~ t h  soil physical processes and 
crop growth models, parts of (he discus- 
sion that follow touch on processes in 
other disciplines that are important in crop 
growth. 
Apart from possible nutrient delicien- 
cies in soils, crop growth in the SAT is 
ltmited by water shortage during part of the 
season .  The  ava i lab i l i t y  of water 
determines the duration of the growth 
period. This is particularly true of the dry 
regions of the SAT, like the Sahelian zone. 
However, when water is freely available, 
crop growth rate increases up to  a 
maximum determined by weather and by 
the fertility level of the soil. Water shortage 
results in stornatal closure, which in turn 
reduces the assimilation of carbon dioxide. 
The water budget aspects of modelling 
have been considered extensively by 
many researchers in the past, but it is only 
recently that some of the seemingly 
intractable problems associated with 
modelling the nutrient budget have been 
tackled.  The water and the nutrient 
budgets interact in their influence on Crop 
growth, and modelling of the interaction 1s 
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- F~gure 5. Ftelds of knowledge that need consideration in a study of plant growth. 
essenttal for  successful  crop growth 
models 
We will discuss two crop models. the 
CERES model (Ritchie. 1985) and the 
Resource Capture (RESCAP) model  
(Monteith et a / . ,  1988). The first model 
considers the relationsh~p between water 
use by plants and the associated dry- 
matter production, while the second 
emphasizes the role of shoots and roots in 
re lat ion to the control of dry-matter  
production by the supply of radiant energy 
or water. 
( i )  The CERES crop models 
There are currently CERES crop 
models lor wheat, sorghum, millet, maize. 
and rice. In this discussion, only the main 
common features will be outlined, leaving 
out detail to be found in Jones and Kiniry 
1986: Ritchie and Otter, 1985; and Ritchie 
and Alagarswamy, 1988. The CERES 
models deal with the main factors that 
determine the final yield of the crop, i.e.. 
(i) the development and duration of growth 
phases related to plant genetics and the 
environment, (ii) morphogenesis of the 
vegetative and the reproductive struc- 
tures, (iii) growth of leaves, stems, and 
senescence of leaves, (iv) biomass accu- 
mulation and partitioning between leaves, 
stem, and roots, (v) effect of soil water on 
growth and development, and (vi) effect of 
nitrogen o n  growth and development 
(Ritchie, 1985). 
The models evaluate the soil water 
budget of a crop or fallow land, using a 
submodel similar to eq. (2) .  The soil profile 
is divided into layers, and the limit to which 
water can increase in the layer, i .e. ,  
drained upper limit (DUL), and saturated 
upper limit (SUL) together with the lower 
limit (LL) of plant water availability are 
inputs for each soil layer. Values for these 
limlts must be obtalned in the field and not 
from conventional laboratory measure- 
ments of wilting point and fleld capacity, 
which have been lound inaccurate when 
used in these models. Daily rainfall and 
lrrigatlon ( i f  applied) are used as inputs. 
Infiltration of water into the soil IS calcu- 
lated as the difference between rainfall or 
lrrigatlon and runoff (see eq. 3) .  Runoff is 
calculated using the USDA.Soil Conser- 
vatton Service (1972)  curve number 
technique, which specifies runoff curves 
by numbers varying from 0 (no runoff) to 
100 (all runoff). The Soil Conservation 
Service (USDA, 1972) handbook provides 
r t ~ n o f f  c u r v e  numbers  f o r  var ious  
hydrological and soil-cover complexes. 
The drainage rates are calculated 
using an empirical relation of the form, 
wt = (wo - wu) exp (-Kd 1) + wu (27) 
where wo is the saturated volumetric 
water content, wu is the drained upper limit 
water content. wr is the water content for 
any time t afler field saturation, and Kd is 
a conductance parameter. 
Evaporation is calculated using a 
modified version of eq. (25) (Priestley and 
Taylor, 1972), and eq. (26) is used to sepa- 
rate transpiration from soil evaporation on 
the basis of radiant energy reaching the 
soil, the time after the surface layer was 
wet, and the leaf area index. 
The CEfiES model calculates absor- 
ption of water by roots using the 'law of the 
limiting' approach, in which the larger of 
the soil or root resistances determines the 
flow rate of water into roots. The radial 
resistance to water flow into a single cylin- 
drical root is assumed to vary with Soil- 
limited water absorption rate q, such that 
where K(w) IS the hydraulic conduc- 
tivity of the soil, hr is the water potential at 
the root surface, h, is the water potential 
of ths bulk soil, r is the root radius, and c 
is the rad~us of the cylinder of soil through 
which water is moving. In the CERES 
models. K(w) (cm d a y 1 )  is calculated 
using an empirical relation. 
K(w) = exp [62(w-LL)] 129) 
The plant-limited flow rate is taken to 
be approximately 0.03 cm day ' .  The 
smaller value of the maximum soil-limited 
absorption and the plant-limited flow rate 
is converted into an uptake rate for a layer 
of soil, using the root length density and 
the depth of the soil layer. The sum of the 
maximum root absorption from each soil 
layer gives the maximum uptake of water 
from the profile. If this uptake rate is less 
than the maximum transpiration rate, the 
transpiration rate is sot equal to the 
maximum absorption rate On the other 
hand, i f  the maximum absorption rate is 
greater than the transpiration rate, the 
maximum absorption calculated for each 
layer is reduced proportionally so that the 
uptake rate from the profile equals the 
transpiration rate. 
Potential dry-matter production is 
considered in the CERES crop models to 
b e  a l inear func t ion  of in tercepted 
photosynthetically active radiation (PAR) 
(i.e., wavelength bands from 0.4 to 0.7 
microns). For wheat it is assumed that 3.05 
gram of total biomass are produced for 
every MJ of PAR intercepted, whereas the 
constant for conversion for sorghum 
dry-matter production is 4.0 gram per MJ 
of intercepted PAR.  The proportion of 
incoming PAR transmitted by a canopy is 
assumed to be an exponential function of 
leaf area index Li. 
CERES crop model performance 
Figure 6 presents an example of a 
comparison of simulated wheat yield wlth 
measured y ~ e l d  from about 25 sites, 
ranging In latltude from 36 's  in Australla 
to 50@ N In England. The mean of the 
absolute difference between est~mated 
and measured y~elds for the 168 data sets 
was 1070 kg, ha. with a standard error of 2 
60 kg'ha (Ritch~e and Otter, 1985). Figure 
7 presents an example of a comparison of 
the simulated and measured grain yield of 
sorghum at three different sltes. The 
observed and predicted values are 
scattered close to the 1 . 1  line. 
( i i )  The RESCAP model 
The RESCAP model was developed 
by Monte~th ef a / .  (1988)  primarily to 
predict the growth and yield of sorghum 
and pear l  mi l let ,  g iven appropr iate 
environmental cond~tions and genetic 
coefficients All the parameters used in the 
model can be measured in the field. It is 
general enough to be adapted to any 
seed-producing crop. The model assumes 
that ( i)  at all growth stages, the rate of 
production of dry matter C (kg m'* day " )  
per unit of intercepted solar radiation S 
(MJ m.2 day ' )  is effectively constant and 
has value e when water is not limiting; (ii) 
the amount of dry matter produced per unit 
of water transpired is inversely propor- 
tional to mean saturation deficit whether 
water is limiting or not. Growth is also 
assumed to be light-limited if the demand 
for water to transpire is less than the 
amount of water that the roots can supply 
and is calculated as, 
where 1, is the fraction of radiation 
intercepted by foliage and est~mated by a 
relationship similar to eq (26), 
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Figure 7. Relatron between predrcted and observed grain yreld of sorghum, using 
the CERES model. 
Source R~tchlne and Alagarswamy I 1988) 
f l  = 1 - exp~ k L , i  (31 i matter allocated to roots 
where k 1s a r,td~atloc~ ekt~nct~ocl  
coefflclent and L, 1s the leal area Index 
wh~ch 1s Increased dally by dLl ( =  Increase 
In dry welght niult~pl~ed :y leaf area ratlo 
D)  The leaf area ratlo (m' leaf per g plnnt~ 
IS calculated as 
D = A I  ( 1  - xr - ~ g )  (32)  
wlth A, as the speclflc leaf area (mZ 
leaf per g leaf), x, as the fractlon of dry 
matter allocated to roots, and x s  as the 
fractlon of dry matter allocated to stems 
Extractron o f  water 
The slze and the dlstr~but~on of the 
root system IS speclf~ed In the RESCAP 
model bv 
the downward veloc~ty of the root 
'front' (Ur )  to reflect the thickness 
of the layer of so11 traversed by 
the root In a day For sorghum 
the veloclty of the root front 
measured by uslng a neutron 
probe to follow the downward 
movement of the drylng front 
durlng a perlod when the crop 
recelved no water was found to 
reach a maxlrnum value of 0 035 
m day ' about 20-30 days after 
emergence (Monte~th, 1986) 
(11) the root length per u n ~ t  volume Iv 
whlch 1s a functlon of depth and 
therefore of time The values of 
Iv IS assumed to be Inversely 
proport~onal to the square root of 
rootlng depth dr, so that IV at dr 
IS  
Iv(dr) = Iv(1) (d* 1 dr)' (33) 
where do 1s the mlnlmum root depth 
and Iv(1) IS the root length per unlt volume 
for layer 1 Slnce x r  IS the fractlon of dry 
k r C  = l ~ I ~ ~ ~ r  (34) 
In eq (341 I' I S  the root weight per 
unit length (kg (1) ' I  and C and ur are both 
functluns of tlme During the lnltlal StageS 
of growth x r  IS  Set arbltrar~ly at a value 01 
0 3 and eqs (33) and (34) are used to 
compute u, When Ur reaches ~ t s  maximum 
value of u' ur 1s then Set at u' and x, IS 
allowed to decrease wlth lncreaslng depth 
The avallable waler content of a so11 
layer permeated by roots from a t ~ m e  t-0 
1s assumed to decrease exponentially w~ th  
tlrne, tollowlng Passloura (1983), and IS 
calculated from the expression, 
where AW(z,t) IS the avallable water, 
whlch IS a functlon of depth and time I ,  
w,(z) IS the total amount of water at depth 
z extraclable by roots between t=0 [w (z,0) 
= w,(z)] and t ln f ln~te (w = O), and k IS an 
arb~trary constant wlth the dlmenslons of a 
dlffus~on coefl~clent Dlfferentlatlon of eq 
(35) multlplled by ur glves the amount of 
water extracted from a layer of sod at tlme 
. I 
Evaporation from the so11 surface 
The rate of evaporatlon E s  from wet 
so11 without cover was assumed to be 0 9 
t~mes the rate of evaporatlon from a class 
A pan EP Ground cover reduced the rale 
by a factor of (1-  I,) Es IS  then glven by 
Es = O 9 ( 1  -11) (W - wa)/(wtc - ~ a )  EP (36) 
where w IS the actual water Content 
of the layer, wa IS the alr-dry water content, 
and wt, IS the water content at held 
capaclty The alr-dry water content IS 
assumed to be 113 of the value at 1 5 MPa 
Phenology 
Phenology IS d lv~ded Into the usual 

(I) 
Observed (tlha) 
---- 
Figure 9. S,mulated versus measured total dGmatter production of sorghum for 
29 crop-year data sets 
Source Monte~th et a1 ( 1  988) 
three stages : GS1 from emergence to which case a value of 3 8 ' ~  was assigned. 
panicle init iation; GS2 from panicle R E S C A P  crop model performance 
initiation to anthesis; and GS3 from anthe- An example of a compar ison 
sis to maturity. The length of each stage is between simulated sorghum grain yield 
specified in terms of thermal t~me above a and m e a s u r e d  gra in  y ie ld  fo r  29 
base 70C* and daylength The experiments conducted at ICRIS*T is 
mean temperatures were assumed to be presented in Figure 8,  Figure also 
the average Of lhe rep0rted maximum and presents a comparison between the 
minimum temperatures, except when the simulated and measured total dry matter 
lemperature exceeds 380C in for !he same 29 experiments Except for 
three points in Figure 8, the agreement 
between measured and simulated grain 
yield and also that between measured and 
simulated dry-matter product~on is very 
good. 
Conclusion 
We have discussed in this paper 
some of the infiltration and evaporation 
submodels often used in water budget 
models. Of the many models for infil- 
tration, the Green and Ampt and the Philip 
two- te rm models have been  used 
extensively by many researchers. Both 
models are for infiltration processes where 
the soil surface is ponded instantaneously, 
e.g., flood or border irrigation. Therefore, 
they do not adequately describe infiltration 
under rainfall conditions. The Mein and 
Larson equation, however, models infiltra- 
tion during rainfall events and is an appro- 
priate component for a model of crop 
growth under rainfed conditions. All or 
most of the infiltration models have a 
serious drawback in that they disregard 
spatial and temporal heterogeneity of 
soils. 
On closer examination the Chou- 
dhry-Monteith four-layer evaporation 
model is appealing because i t  also 
includes evaporation from drying soil. 
However, it has not been tested experi- 
mentally and it also involves intricate 
mathematical expressions, which may not 
be user-oriented. 
Two examples of crop growth models 
have been presented to illustrate how 
different forms of water budget submodels 
are used together with crop development 
and growth submodels to model the whole 
crop production system. The RESCAP 
model is Still being refined and it offers a 
new approach to crop modelling. There is 
an urgent need to incorporate nitrogen and 
phosphorus dynamics and effects of pests 
and diseases in crop growth models. 
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